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INTRODUCTION The appl i c a t i o n o f f i b e r o p t i c l e l e c t r o -o p t i c technology t o a i r c r a f t cont r o l systems holds much f u t u r e promise due t o a number o f i n h e r e n t advantages o v e r c u r r e n t wire-based systems. R e p l a c i n g t h e p r o p u l s i o n and f l i g h t c o n t r o l system e l e c t r i c a l w i r i n g w i t h o p t i c a l f i b e r s r e s u l t s i n a s u b s t a n t i a l w e i g h t and volume savings. For example, i n a F-15 f i g h t e r , t h e w e i g h t r e d u c t i o n i s e s t i m a t e d t o be 57 Kg (125 l b ) w h i l e for t r a n s p o r t a i r c r a f t , w e i g h t savings c o u l d reach as h i g h as 680 Kg (1500 l b ) . Due t o t h e f a c t t h a t o p t i c a l f i b e r s
a r e d i e l e c t r i c , problems w i t h e l e c t r o m a g n e t i c i n t e r f e r e n c e , e l e c t r o m a g n e t i c p u l s e , and l i g h t i n g a r e e l i m i n a t e d , which i n t u r n e l i m i n a t e s t h e need f o r s h i e l d i n g and surge quenching c i r c u i t s . T h i s i s p a r t i c u l a r l y advantageous as modern a i r c r a f t move towards t h e use o f composite s t r u c t u r e s which p r o v i d e l i t t l e i n h e r e n t s h i e l d i n g . The h i g h bandwidth c a p a b i l i t y i s advantageous f o r d a t a bus l i n e s and o f f e r s t h e p o t e n t i a l f o r a l l a v i o n i c s d a t a t o be t r a n s m i tt e d o v e r a s i n g l e l i n e . F i b e r o p t i c s a l s o e l i m i n a t e s t h e t h r e a t o f f i r e s due t o i n s u l a t i o n f a i l u r e s o r s h o r t c i r c u i t s which c o u l d cause i n a d v e r t e n t a c t u a t i o n o f c o n t r o l hardware. Figure 1 shows an a r t i s t ' s conception o f a f l y -b y -l i g h t a i r c r a f t . I n t h i s g r e a t l y s i m p l i f i e d diagram, the engine c o n t r o l and f l i g h t c o n t r o l compute r s are shown l i n k e d t o t h e i r r e s p e c t i v e s e t o f o p t i c a l sensors and o p t i c a l a c t u a t o r s , u s i n g f i b e r o p t i c cables and an e l e c t r o -o p t i c i n t e r f a c e ( n o t shown).
FIBER OPTIC CONTROL SYSTEM INTEGRATION PROGRAM
The design, development and t e s t i n g o f a f i b e r o p t i c i n t e g r a t e d p r o p u ls i o n / f l i g h t c o n t r o l system f o r an advanced supersonic dash a i r c r a f t i s t h e goal o f t h e j o i n t NASA and DOD F i b e r O p t i c C o n t r o l System I n t e g r a t i o n (FOCSI) program. Phase I, t o assess c u r r e n t technology and p r o v i d e system design o p t i o n s , was completed e a r l y i n f i s c a l year 1987 (Oct. 1986) ( r e f s . 1 and 2).
Phase I p r o v i d e d a comparison o f e l e c t r o n i c and o p t i c a l c o n t r o l systems, ident i f i e d t h e s t a t u s o f c u r r e n t o p t i c a l sensor technology, d e f i n e d t h e a i r c r a f t s e n s o r / a c t u a t o r environment, proposed a r c h i t e c t u r e s f o r f u l l y o p t i c a l c o n t r o l systems, and provided schedules f o r development. O v e r a l l , i t was determined t h a t t h e r e are s u f f i c i e n t advantages i n employing a f i b e r optic-based c o n t r o l system t o warrant continued e f f o r t s t o develop such a system.
I t was a l s o determined t h a t i t i s f e a s i b l e t o b u i l d a f i b e r o p t i c c o n t r o l system f o r the development o f a database f o r t h i s technology, b u t t h a t f u r t h e r work i s necessary i n sensors, a c t u a t o r s , and components t o develop an optimum-design, f u l l y f i b e r o p t i c i n t e g r a t e d c o n t r o l system compatible w i t h advanced a i r c r a f t environments. Phase 11, t o design, cons'truct, and ground t e s t a f l y -b y -l i g h t c o n t r o l system has been i n i t i a t e d w i t h t h e f i r s t t a s k aimed a t p r o v i d i n g a d e t a i l e d design o f t h e e l e c t r o -o p t i c a r c h i t e c t u r e r e q u i r e d .
A phase 111 program f o r f l i g h t t e s t o f t h e system i s c u r r e n t l y under cons i d e r a t i o n t o e s t a b l i s h an i n i t i a l database on the performance, r e l i a b i l i t y , and m a i n t a i n a b i l i t y o f f l y -b y -l i g h t c o n t r o l systems.
FIBER OPTIC SENSORS PROGRAM A s was i n d i c a t e d i n the p r e v i o u s s e c t i o n , t o implement a f i b e r o p t i c cont r o l system r e q u i r e s t h e development o f passive o p t i c a l sensors and o p t i c a l l y c o n t r o l l e d o r powered a c t u a t o r s capable o f s u r v i v i n g a i r c r a f t environments.
Table I provides a p r e l i m i n a r y l i s t o f the s e t o f c o n t r o l and c o n d i t i o n monit o r i n g sensors being considered f o r i n c o r p o r a t i o n i n t o the FOCSI c o n t r o l system. The e n t i r e c o n t r o l system must be f l i g h t q u a l i f i e d t o w i t h s t a n d a supersonic dash a i r c r a f t environment, i . e . , i t must perform r e l i a b l y w i t h repeated temperature c y c l i n g and v i b r a t i o n . The most severe o v e r a l l e n v i r o nments occur i n the engine bay areas. Here t h e h i g h e s t soaking temperature a sensor may see i s 423 K (150 "C) and t h e lowest i s 218 K (-55 "C), w h i l e t h e h i g h e s t temperature the a c t i v e s u r f a c e may see i s 1370 K (1100 "C) i n p e n e t r a ti n g t h e h o t s e c t i o n ( r e f . 1 ) . F i b e r o p t i c cables and connectors i n t h e engine bay area are exposed t o a temperature range of 218 K t o i n excess o f 373 K (100 "C). The e l e c t r o -o p t i c s are contained w i t h i n the p r o t e c t e d engine cont r o l computer environment and must o p e r a t e r e l i a b l y i n a temperature range o f 218 t o 358 K (85 "C), although f l i g h t q u a l i f i c a t i o n r e q u i r e s m i l i t a r y s p e c i f ic a t i o n components which a r e t e s t e d t o 398 K
NASA Lewis has addressed t h i s c r i t i c a l a r e a o f technology s i n c e 1975, by d e v e l o p i n g a wide v a r i e t y o f o p t i c a l sensors and a h i g h temperature e l e c t r oo p t i c s w i t c h through in-house
, c o n t r a c t and g r a n t e f f o r t s ( r e f . 3 ) . Laborat o r y p r o t o t y p e s have been developed and t e s t e d f o r measurement o f temperatures (218 t o 1973 K ) , p r e s s u r e , speed, p o s i t i o n , f l o w and blade t i p c l e a r a n c e . C u r r e n t l y work i s c o n t i n u i n g t o improve methods f o r temperature, p r e s s u r e and p o s i t i o n measurements and has been i n i t i a t e d t o develop r e f e r e n c i n g techniques f o r i n t e n s i t y modulated sensors, o p t i c a l sensor m u l t i p l e x i n g schemes, and shock p o s i t i o n sensors ( r e f s . 4 
and 5 ) . Two examples which w i l l be d i scussed f u r t h e r a r e a wavelength d i v i s i o n m u l t i p l e x e d o p t i c a l encoder and a semiconductor-etalon temperature sensor ( r e f s . 5 t o 8 ) .

A diagram o f t h e wavelength d i v i s i o n m u l t i p l e x e d o p t i c a l encoder i s shown i n f i g u r e 3. I t uses a m i c r o -o p t i c a l wavelength rnultiplexerldemultiplexer i n c o n j u n c t i o n w i t h a r e f l e c t i v e code p l a t e . T h i s approach r e s u l t s i n a compact, rugged and p o t e n t i a l l y inexpensive d e v i c e . The m u l t i p l e x e r u n i t c o n s i s t s o f a 5 mm diameter graded index (GRIN) r o d l e n s epoxied t o a p r i s m l g r a t i n g assemb l y . Broadband l i g h t f r o m two LEDs e n t e r s t h e t r a n s d u c e r v i a t h e encoder i n p u t l o u t p u t f i b e r . The m u l t i p l e x e r d i s p e r s e s t h e broadband spectrum across t h e channels o f a r e f l e c t i v e code p l a t e . Those wavelengths d i r e c t e d t o a channel i n t h e l o g i c z e r o s t a t e a r e absorbed by t h e code p l a t e . Those wavel e n g t h s d i r e c t e d to a channel i n t h e l o g i c one s t a t e a r e r e f l e c t e d by t h e code p l a t e and r e t r a n s m i t t e d t o t h e i n p u t l o u t p u t f i b e r . A t t h e r e c e i v e r o f t h e WDM
o p t i c a l encoder, d e m u l t i p l e x i n g i s performed by a second g r a t i n g assembly which d i s p e r s e s t h e spectrum o n t o a photodiode a r r a y . The p a t t e r n o f "onN-peaks ( l o g i c 1) and " o f f " -v a l l e y s ( l o g i c 0) d e f i n e s t h e p o s i t i o n o f t h e a c t u a t o r t o t e n b i t r e s o l u t i o n . C u r r e n t l y , a p r o t o t y p e encoder i s b e i n g c o n s t r u c t e d f o r f u t u r e engine and f l i g h t t e s t s .
A schematic diagram o f a semiconductor e t a l o n temperature sensor i s presented i n f i g u r e 4. The sensing element i s a s i l i c o n c a r b i d e ( S i c ) e t a l o n on s i l i c o n ( S i ) . L i g h t i n c i d e n t on t h e e t a l o n i s p a r t i a l l y r e f l e c t e d f r o m b o t h o f i t s surfaces. I n t e r f e r e n c e p a t t e r n s f r o m these r e f l e c t e d beams can be r e l a t e
d t o t h e o p t i c a l t h i c k n e s s o f t h e e t a l o n which, i n t u r n , i s a f u n c t i o n o f t h e temperature. An o p t i c a l f i b e r d e l i v e r s l i g h t t o t h e sensor. A graded index r o d (GRIN) m i c r o l e n s c o l l i m a t e s t h i s l i g h t and d i r e c t s i t towards t h e sensing e t a l o n . L i g h t r e f l e c t e d by t h e e t a l o n i s r e c o u p l e d i n t o t h e f i b e r by
t h e G R I N l e n s . A dual i n t e r f e r o m e t e r ( n o t shown) system i s employed t o determine t h e o p t i c a l t h i c k n e s s . To p e r m i t t h e measurement o f temperatures s i g n i f i c a n t l y h i g h e r than can be w i t h s t o o d by t h e f i b e r and graded index ( G R I N ) r o d l e n s , an alumina tube p o s i t i o n s t h e sensing e t a l o n a d i s t a n c e o f 5 cm f r o m t h e G R I N l e n s . The sensing e t a l o n i s a s i n g l e -c r y s t a l f i l m o f s i l icon c a r b i d e ( S i c ) w i t h a t h i c k n e s s o f 18 pm. A s i l i c o n s u b s t r a t e p r o v i d e s mechanical support t o t h e S i c and serves t o p r o t e c t i t s s u r f a c e . A s m a l l e r , more advanced v e r s i o n o f t h e sensor i s c u r r e n t l y b e i n g c o n s t r u c t e d .
SUMMARY AND CONCLUDING REMARKS
A d e s c r i p t i o n o f t h e NASA Lewis program i n f i b e r o p t i c s for a i r c r a f t c o n t r o l systems has been presented i n c l u d i n g FOCSI, a NASA and DOD c o n t r a c t e d program t o design, develop and t e s t a f l y -b y -l i g h t a i r c r a f t c o n t r o l system, and an in-house, c o n t r a c t , and g r a n t program t o develop and t e s t f i b e r o p t i c sensors and o p t i c a l l y c o n t r o l l e d a c t u a t o r s .
NASA i n t e n d s t o c o n t i n u e t o a g g r e s s i v e l y pursue a l l areas o f t h i s technology. A d d i t i o n a l l y , we a r e i n t e r e s t e d i n s e r v i n g as a f o c u s f o r a c h i e v i n g a consensus on f i b e r o p t i c component s p e c i f i c a t i o n s f o r a i r c r a f t . One a r e a which deserves a t t e n t i o n i n t h e near t e r m i s f l y -b y -l i g h t c o n t r o l systems f o r f u t u r e g e n e r a t i o n f i g h t e r a i r c r a f t and h i g h speed a i r c r a f t such as those f l y i n g i n s u s t a i n e d supersonic o r hypersonic regimes. Such c o n t r o l systems w i l l r e q u i r e f i b e r o p t i c components capable o f much h i g h e r temperature o p e r a t i o n than was r e p o r t e d here. 
